Abstract
Introduction
U.S. Department of Health and Human Services/ Centers for Disease Control and Prevention (HHS/CDC) select agents and toxins are microorganisms and biological materials that have the potential to pose a severe threat to public health and safety. Lists of HHS select agents are administered under United States Title 42 Code of Federal Regulations part 73 (42 CFR 73) and are updated every 2 years. Strict requirements govern the facilities and personnel that possess, use, or transfer select agents and toxins (National Select Agent Registry). Overlap CDC select agents and toxins are also subject to the U.S. Department of Agriculture (USDA) Animal and Plant Health Inspection Services (APHIS) under 9 CFR 121. Research on select agents and toxins requires their eventual onsite destruction and subsequent disposal. Given the risks and scrutiny associated with select agents and toxins, using validated decontamination procedures is critical. An investigator or entity is responsible to demonstrate that his or her method of decontamination of select agents or inactivation of toxins is effective and validated (U.S. Department of Health and Human Services et al., 2009; U.S. Food and Drug Administration, 2011 ). Yet it can be difficult to identify candidate decontaminants and treatment conditions because decontamination procedures are often absent, inaccessible, and/or incomplete in the literature and guidelines. The objective of this review is to summarize practical methods to inactivate HHS-listed and HHS/USDA overlap select agents and toxins in the laboratory setting. The discussion is limited to research quantities of pathogens on surfaces or in solution with minimal consideration of large quantities or aerosol and droplet formulations.
Common Sources of Confusion
Decontamination nomenclature spans many professional disciplines. In this review, a decontaminant describes the chemical or physical entity that renders microorganisms and/or toxins inactive (i.e., unable to multiply, infect, or affect) (Block, 2000) . Decontamination methods are reliable only under specific conditions and are unlikely to be valid in every biological system. Reasons for this limitation include:
First, meaningful comparisons of decontamination procedures are complicated by the absence of uniform assay conditions. Inactivation assays are performed in various matrices, including liquid preparations of food slurries, broth, buffer, or water with and without added protein and detergent, as well as dried residues or biofilms. The effective concentration of decontaminants often depends upon the matrix. Assays to quantify the reduction of viable agents or toxins include bacterial or virus growth inhibition, agent mortality, turbidity, toxicity to cells or animals, protein denaturation or nutrient availability. In the presence of residual decontaminant, assays to confirm decontamination may overestimate effectiveness without meticulous procedures (MacKinnon, 1974; Russell, 1990) . Careful preparation and storage of decontaminants are important for their effectiveness. Ignoring this may also result in the contamination of decontaminant with viable microorganisms or active toxins (Weber et al., 2007) . The standardized assays recognized by the Environmental Protection Agency (EPA) for commercial disinfectants have been criticized as unreliable (Rutala & Cole, 1987) and limited to specific conditions against a minimal number of representative microorganisms (Byrne et al., 1955; Ostrander & Griffith, 1964; Rutala et al., 2008) . Multiple commercial decontaminants, when used as directed by the manufacturer, failed to fulfill their labeled claims (Kelsey et al., 1974; Sagripanti & Bonifacino, 1999) . Many decontamination assays are performed upon hard, non-porous surfaces. Soft, porous surfaces present a greater challenge (Humphreys, 2011) .
Second, meaningful quantifications of inactivation are complicated by the absence of uniform definitions and measurements of inactivation. We propose that the critical conditions of decontamination processes are no more than the decontaminant, time of exposure, and sample composition. Endpoints include decontaminant concentrations, time of exposure, agent or toxin half-life (t 1/2 ), rate constants, Fvalues, D-values, recovery, efficacy, and Ct (concentration in mg/L multiplied by time in minutes). Reductions in biological activities can range from 10-fold to 1-million fold. Ninety to 99% reductions are weak evidence of exhaustive decontamination. Measuring million-fold reductions requires as much as 10 8 initial titers/effects, and the associated experimental error may span up to 3 orders of magnitude (Hilgren et al., 2007) . Complete inactivation requires the impossibility of proving a negative. Nevertheless, it remains critical to have confidence that residual amounts of microorganisms and toxins have been destroyed because select agents such as Coxiella burnetii and Francisella tularensis, equine encephalitis viruses, hemorrhagic fever viruses, and smallpox can productively infect humans with 10 or fewer bacteria or virions, respectively (Franz et al., 1997; Scott & Williams, 1990) .
Third, units of measurement are often ambiguous. Percent solutions frequently lack units such as volume to volume, weight to volume, and weight to weight (v/v, w/v, and w/w, respectively) and may fail to follow the aqueous generalization that 1 mg/mL or 1 mL/mL is 100%. Common units for concentrations are mg/L, parts per million (ppm), and % w/v. 1 mg/L = 1 ppm and 1% w/v = 10000 ppm. To convert mg/L, ppm, and % w/v, percentages use a 0%-100% scale where % is unitless, rather than the legitimately unitless 0-1 scale. Household bleach is nominally 5% w/v sodium hypochlorite (NaOCl), and 10% v/v bleach is 0.5% w/v NaOCl and is the upper limit of the concentration of free available chlorine (FAC; the active oxidative species of chlorine). The weight percent of FAC is rarely adjusted to reflect the molecular mass of HOCl, chlorine, or other chemical species. Change in volume upon mixing is routinely ignored. Formalin is a solution of 37% w/w (40% w/v) formaldehyde gas and often contains 10%-15% w/v methanol as a preservative. Formaldehyde fixation is usually performed in a 10% v/v dilution of formalin which is equivalent to 3.7% w/w formaldehyde. Formaldehyde solutions are acidic due to the presence of formic acid and are often buffered with phosphate to neutral pH.
This review examines 8 chemical and 2 physical decontaminants: aldehydes (formaldehyde and glutaraldehyde), hypochlorite (from household bleach), iodophors (such as povidone-iodine), peroxides (hydrogen peroxide, peracetic acid, and potassium peroxymonosulfate), phenolics (solutions of phenol and phenol-like compounds, including 2-phenylphenol and triclosan), quaternary ammonium compounds (i.e., benzalkonium chloride), sodium hydroxide (NaOH; caustic soda), alcohols (60%-90% v/v ethanol and 70% v/v isopropanol solutions), dry heat, and steam autoclaving. Unless otherwise stated, we assume that chemical inactivation occurs at room temperature and at slightly acidic to physiological pH. Gas, γ-irradiation, strong acid, and UV germicidal light decontaminants are not included in this review. Commercial hand sanitizers are most often 60% v/v ethanol or 0.1 mg/L triclosan (Jones et al., 2000) and are appropriate for most hand disinfection applications in the absence of visible contamination. Decontaminants are reviewed in greater detail elsewhere (Block, 2000; Centers for Disease Control & Prevention, 2005b; Rutala & Cole, 1987; Rutala et al., 2008 , U.S. Army, 1990 .
Bleach/hypochlorite is a common disinfectant that deserves further attention. When stored at pH 12, at room temperature in a full, opaque, and capped bottle, the hypochlorite in household bleach has a half-life of approximately 2 years (Fielding, 1989) . However, the hypochlorite in 10% v/v household bleach in tap water stored in a polyethylene bottle on the benchtop has a half-life of approximately 1 month (Rutala et al., 2008) . Given the plausible FAC variation of 0%-12% w/v hypochlorite in commercial bleaches (Lantagne, 2009) , laboratories may consider adopting standard operating procedures (SOPs) to determine FAC concentrations with any of a variety of reported and/or commercially available tests. Healthcare and laboratory sources often recommend solutions of 1:10 to 1:500 v/v dilutions of household bleach for standard decontamination (U.S. Department of Health and Human Services et al., 2009 ). These dilutions were optimized to disinfect human skin without irritation or toxicity (Bruch, 2007) and may lack the potency required for rigorous decontamination of select agents and toxins. Personnel should be trained that heat, flammable gases, and asphyxiates are generated when hypochlorite is combined with acids or ammonia. When hypochlorite is used at concentrations greater than 0.05% w/v, it corrodes metals including the steel of biological safety cabinets and autoclaves (Rutala et al., 2008) . Table 1 presents the effectiveness of 10 common decontaminants against the select agents and toxins currently listed by the HHS. Given sufficient concentration and time of contact, every unimpeded decontaminant would approach 100% effectiveness in every system. Some of the audience for this review may be reading solely to identify expedient decontaminant(s) that will safely decontaminate a select agent or toxin under all conditions. There is no such thing. Here we report the qualitative effectiveness of decontaminants that were specific to the conditions cited in the references section.
Small Molecule Toxin Inactivation
The small molecule organic toxins (low molecular weight; LMW toxins) currently listed are diacetoxyscirpenol, saxitoxin, T-2 toxin, and tetrodotoxin. None were susceptible to standard autoclaving or dry heat alone. Inactivation procedures for saxitoxin and tetrodotoxin are relatively straightforward. Less than 1% mouse toxicity remained when saxitoxin and tetrodotoxin were treated for 30 Russell, 1990; Kelsey et al., 1974; Whitney et al., 2003; Sykes, 1970; Hilgren et al., 2007; Borick, 1968 Botulinum neurotoxins At least one citation advised "use standard disinfection procedures," "disinfect with 10% household bleach or any EPA-registered hospital disinfectant," "susceptible to most disinfectants" or similar language.
c Some or all results implied from data using surrogate organisms/toxins, including vaccine strains. minutes with 2.5% w/v hypochlorite (Wannemacher et al., 1989) . Saxitoxin was susceptible to any standard chemical decontaminant (U.S. Army, 1990) . Inactivation procedures for T-2 toxin and diacetoxyscirpenol are less straightforward. Chemical and physical decontamination procedures to T-2 toxin and diacetoxyscirpenol may result in toxic derivative compounds. While these derivatives are often less toxic than the parent compounds (Chi et al., 1978; Shams et al., 2011) , they may remain toxic after the parent compound has been destroyed. Since we are unaware of reliable reports describing successful decontamination of diacetoxyscirpenol, surrogate conditions that inactivated similar trichothecene mycotoxins deoxynivalenol and T-2 toxin may prove useful. We oppose the application of decontamination methods developed for related aflatoxins that include extrusion cooking or treatment with ammonia or monomethylamine with calcium dihydroxide (Jemmali, 1979) , because aflatoxins are more labile than trichothecenes (Food & Agriculture Organization of the United Nations, 2001). In a corn matrix intended for animal feed, deoxynivalenol was insensitive to decontamination with strong acid, hydrogen peroxide, or hypochlorite, but was at least 95% inactivated in the presence of 1%-5% w/w sodium bisulfite by steam autoclaving for 1 hour at 121ºC, dry heat (80ºC for 18 hours), or extrusion cooking (Cazzaniga et al., 2001 ). However, the reduced species reverted to the parent compound under alkaline conditions (Murphy et al., 2006) . Exposure to full-strength household bleach for at least 6 hours was suggested for the decontamination of T-2 toxin (Huebner et al., 2007) , but others (Faifer et al., 1994; Wannemacher et al., 1989) found more effective inactivation with a combination of hypochlorite and strong base. Super Tropical Bleach (STB; 7% w/w calcium oxide and 93% w/w calcium hypochlorite/chlorinated lime, freshly prepared as a 7%-50% w/w solution) (Octagon Process, 1987) inactivated T-2 toxin on surfaces at 70º-80ºF within 30-60 minutes (USAMRIID, 2011; Wannemacher et al., 1989) .
Decontamination Protocols for Saxitoxin and Tetrodotoxin
1. Expose samples to a final concentration of at least 20% v/v household bleach for at least 30 minutes (Wannemacher et al., 1989) . 
Decontamination Protocols for T-2 Toxin and Diacetoxyscirpenol
1. Expose 1 volume of sample to at least 9 volumes of NaOCl/NaOH solution (a 1:1 v/v mixture of full-strength household bleach with 0.5 mol/L sodium hydroxide) for 48-72 hours (Faifer et al., 1994) . Others suggest a 4-hour exposure to the NaOCl/NaOH solution (Wannemacher et al., 1989 
Inactivation of α-Conotoxins
HHS-listed α-conotoxins are thiol-rich peptides containing the amino acid sequence XCCXPACGX 4 CX (where X is any amino acid, C is cysteine, P is proline, A is alanine, and G is glycine). While glutaraldehyde is the only effective decontaminant reported for these toxins, supporting data are unavailable (CBWinfo, 1999; Warner, 1990) . Therefore, we suggest additional untested decontaminants for consideration. Materials Safety Data Sheets (MSDS) state that conotoxin(s) should avoid heat, moisture, and contact with strong acids and bases or strong oxidizing and reducing agents (Abcam, 2012; Anaspec, 2012 , SigmaAldrich, 2012 Tocris, 2011) . Some of these MSDS suggest conotoxin decontamination by dissolving in or mixing with a combustible solvent followed by burning in a chemical incinerator equipped with an afterburner and scrubber. Another possible method is chemical lysis of peptides to amino acids. This requires boiling in 6 M hydrochloric acid for 24 hours (Hirs et al., 1956) . Hypochlorite may be a useful decontaminant because it oxidizes the side chains of Met, Cys, His, Trp, Lys, Tyr, Arg, Asn, and Gln, as well as backbone amides, unblocked N-terminal amines, and disulfides. While many of these oxidations are reversible, the product of Cys oxidation, cysteic acid, is stable following boiling in concentrated acid (Hawkins et al., 2003; Nightingale et al., 2000) . Prion inactivation methods (U.S. Department of Health and Human Services et al., 2009) may be useful for conotoxins. Prions were refractory to decontamination by 1 M sodium hydroxide for 1-24 hours, 2% peracetic acid, phenolics, steam autoclaving at 132ºC for 1 hour, dry heat at 180ºC for 2 hours, alcohol, and 0.35% formalin, but susceptible to either 1.4% w/v FAC for 30 minutes or combined autoclaving at 121ºC in 2 M sodium hydroxide for 30 minutes (Taylor, 1999) . Classical biochemical methods to derivatize or destroy peptides and proteins could prove useful for conotoxins. These include disulfide reduction and alkylation or protease digestion.
Decontamination Protocols for Conotoxins
1. Mix liquid samples with an equal volume of full-strength household bleach and expose for 1 hour (Taylor, 1999) . 2. Adjust liquid samples to a final concentration of 2 M sodium hydroxide and steam autoclave at 121ºC, 15 psi, for 1 hour (Rutala et al., 2008) . To protect autoclaves from caustic base, samples can be double-bagged in a secondary vessel or otherwise contained (Brown & Merritt, 2003) . 3. Dissolve samples in a minimal volume of combustible solvent and burn in a chemical incinerator equipped with an afterburner and a scrubber (Abcam, 2012; Anaspec, 2012) . 4. Adjust the aqueous sample pH to approximately 8 with sodium bicarbonate. Add glutaraldehyde to a final concentration of 2% w/v (Borick, 1968) and expose for at least 1 hour.
Bacterial Spore Disinfection
Select agents presenting as bacterial spores include Bacillus anthracis and Clostridium botulinum. Alcohols, iodine, phenolics, and quaternary ammonium compounds are either ineffective or poorly effective against spores (Russell, 1990) . Aldehydes are slow to decontaminate spores. Approximately 3 hours were required for 2% glutaraldehyde to disinfect Bacillus subtilis (Babb et al., 1980; Kelsey et al., 1974) . Autoclaving at 90º-120ºC for 10-20 minutes appeared to reliably reduce B. anthracis spores by 10 5-8 (Whitney et al., 2003) . Hypochloritemediated decontamination of spores was effective (Kelsey et al., 1974) but sensitive to the presence of organic matter (Russell, 1990; Sykes, 1970) . 1% buffered hypochlorite reduced dried Bacillus anthracis spores by 3-6 orders of magnitude. When the matrix was whole milk, it required 5-fold increases in hypochlorite concentrations to achieve the same reduction. Biological matrices had little effect upon peroxide-mediated decontamination of spores (Russell, 1990) . One percent peroxyacetic acid or 30% w/v hydrogen peroxide reduced spores by 3-6 orders of magnitude whether dried from water or solutions of flour, whole milk, or egg yolk (Hilgren et al., 2007) .
Decontamination Protocols for Bacillus anthracis
and Clostridium botulinum Spores 2. Adjust the aqueous sample to pH 8 by adding sodium bicarbonate. Add glutaraldehyde to a final concentration of 3% w/v and expose for 3 hours (Borick, 1968) . 3. Add hydrogen peroxide from a concentrated stock to samples to a final concentration of 25%-30% w/v. Mix and incubate at room temperature for 15 minutes (Hilgren et al., 2007) . 4. Add 2 volumes of methanol and 1 volume of 20% v/v household bleach to samples. Mix and incubate for 10 minutes (Kelsey et al., 1974) . 5. Add household bleach to samples to a final bleach dilution of 1:10 to 1:100 v/v. Mix and incubate for 30 minutes (Sagripanti et al., 2011) .
Protein Toxin Inactivation
Ricin and abrin, botulinum neurotoxins (BoNT), and staphylococcal enterotoxins (SE) are inactivated by autoclaving, dry heat, hypochlorite, and peroxides (Table 1) . However, decontamination of staphylococcal enterotoxin B (SEB) required additional hypochlorite pressure (U.S. Army, 1990) and SE refolds following dry heat inactivation (Fung et al., 1973) . Ricin and abrin are typically purchased as dry powder formulations that are not only a danger for inhalation but also resist decontamination. They should be in solution for inactivation (Roy et al., 2010) .
Decontamination Protocol for Abrin, BoNT, Ricin, and SE 
Inactivation of Coxiella burnetii
Coxiella burnetii is resistant to chemical and physical decontaminants (Maurin & Raoult, 1999; Ormsbee, 1969; Ranson & Huebner, 1951; Waag, 2007) . Compared to other bacteria, inactivation of Coxiella burnetii requires higher decontaminant concentrations and/or longer exposure times. Conditions that inhibit growth of the metabolically active intracellular form, but cannot destroy the extracellular spore-like form, may partially explain the varying decontamination results seen in Table 1 . Inactivation methods that were established for the decontamination of vegetative bacteria are best avoided because some spore-like bacteria may be present.
Decontamination Protocols for Coxiella burnetii
1. Steam autoclave samples at 121ºC for 15-60 minutes at 15 psi (U.S. Department of Health and Human Services et al., 2010; Whitney et al., 2003) . Adjust the aqueous sample to pH 8 by adding sodium bicarbonate. Add glutaraldehyde to a final concentration of 3% w/v and expose for 3 hours (Borick, 1968) . 2. Add hydrogen peroxide from a concentrated stock to samples to a final concentration of 25%-30% w/v. Mix and incubate at room temperature for 15 minutes (Hilgren et al., 2007) .
Inactivation of Vegetative Bacteria and Enveloped Viruses
The remaining select agents are vegetative bacteria or enveloped viruses. Procedures such as "decontaminate with any EPA-registered hospital disinfectant," or "use standard disinfection procedures" are frequently recommended for the decontamination of vegetative bacteria or enveloped viruses. An EPA-registered hospital disinfectant is a commercial product that has passed EPA stability and safety requirements and Association of Analytic Chemists (AOAC) standardized decontamination tests against a minimum of Staphylococcus aureus and Pseudomonas aeruginosa bacteria on hard non-porous surfaces (Byrne et al., 1955; Ostrander & Griffith, 1964) . These germicides are approved by the EPA for use on inanimate objects in hospi-www.absa.org
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Vol. 18, No. 2, 2013 tals, clinics, dental offices, and other medical-related facilities (Centers for Disease Control & Prevention, 2003; Rutala et al., 2008) . Persons applying EPA-registered hospital (and higher level) disinfectants must follow all safety precautions and use directions specified on the label; not doing so is a violation of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) Section 12(a)(2)(G). The EPA maintains public records of the active ingredients, labels, and the approved spectra of activity for commercial decontaminants (Environmental Protection Agency, 2012) . Regulation of decontaminants by the EPA and FDA was developed for housekeeping and clinical contact surfaces, and patient-care devices, respectively. Careful review of the data available on decontamination of select agents and toxins is recommended prior to the application of the decontaminants in Table 1 because the data indicate several important points. Coxiella burnetii vegetative bacteria should be decontaminated by the methods usually reserved for Bacillus anthracis, and Clostridium botulinum spores. Burkholderia mallei and Burkholderia pseudomallei may be refractory to inactivation by phenolics because immersions in 1% and 2% phenol for 24 hours were ineffective and bacteriostatic, respectively (Gregory & Waag, 2007; Miller et al., 1948) . Some of the data relies upon surrogate microorganisms (Table 1) . For example, decontamination of Bacillus anthracis, and viruses such as variola and Venezualan equine encephalitis virus (VEE) were based upon data obtained on Bacillus subtilis, Vaccinia, and Pixuna viruses or VEE strain TC-83, respectively. One group reported that aldehydes, hypochlorite, and phenolics were less effective than ethanol against severe acute respiratory (SARS) coronavirus surrogates (Hulkower et al., 2011) . No conditions have been reported for the inactivation of the regenerated Influenza A/Brevig Mission/1/18 (H1N1) virus isolate from the 1918 pandemic. However, influenza A virus is susceptible to aldehydes, hypochlorite, phenolics, ethanol, steam autoclaving, and dry heat (Alphin et al., 2009; Centers for Disease Control & Prevention, 2005a; Environmental Protection Agency, 2009) .
Common decontamination protocols that inactivate MOST bacteria and enveloped viruses are listed below. Some decontamination protocols for mycobacteria and nonenveloped viruses can be found elsewhere (Borick, 1968; Department of Health, Scottish Executive, 2000; Geering et al., 2001; Rutala et al., 2008 ; and others cited in references). All of the decontaminants below are readily available and should be suitable for preparation and use with minimal training. The MSDS must be consulted for all chemicals, and appropriate personal protective equipment must be worn. Four hundred and one cases of work-related illness associated with antimicrobial use in healthcare facilities were reported between 2002 and 2007 in four states (U.S. Department of Public Health, 2010). While the procedures described focus on liquid samples, wet or dry surfaces can be decontaminated with the concentrated solutions prepared for dilution into liquid samples. More often, 1:10 v/v dilutions are recommended. However, chemical compatibilities must be carefully checked. 1. Alkaline glutaraldehyde. Adjust the sample to pH 8 by adding sufficient sodium bicarbonate (Sagripanti et al., 2011 ) from a prepared stock. (For example, a 0.3% w/v final concentration of NaHCO 3 may be a useful starting point.) Add glutaraldehyde to a final concentration of 2% w/v (diluted from a concentrated commercial stock). Mix and incubate for at least 10 minutes (Borick, 1968; Rutala, 1990) . Decontamination is compromised by aminecontaining buffers or excess protein.
2. Bleach/hypochlorite. Treat samples with a final concentration of 1%-10% v/v household bleach for 10-15 minutes (Lloyd & Perry, 1998) . Best results are obtained when samples contain minimal organic material. Following decontamination, bleach may be inactivated by adding sodium thiosulfate (Calfee & Wendling, 2013) . 3. Iodine/Iodophor. Mix liquid samples with an equal volume of 10% w/v povidone-iodine (10% w/v povidoneiodine is nominally 1% w/v iodine). Incubate for 10 minutes. In some cases more dilute solutions of complexed iodine are more effective decontaminants (Rutala et al., 2008) . Best inactivation occurs at physiological or slightly acidic pH and in the absence of excess detergent, metals, or organic material ( 5. Phenolics. Mix samples with an equal volume of 5% w/v phenol and incubate at room temperature or warmer for 10 minutes. This treatment is effective against vegetative bacteria but is likely to be ineffective against enveloped viruses (Block, 2001) . 6. Quaternary ammonium compounds. Treat samples with a final concentration of at least 1% w/v benzalkonium chloride for at least 10 minutes (Ostrander & Griffith, 1964) . These decontaminants are unsuited to samples containing metals such as Ca 2+ or Mg 2+ , anionic detergents, or excess organic material. 7. Strong base. Add sodium hydroxide from a concentrated stock to a final concentration of 0.5 mol/L. Mix and incubate for 10 minutes (Alphin et al., 2009 nate vegetative bacteria and enveloped viruses. Likewise, alcohols are impractical for treatments other than the immersion of samples because they rapidly evaporate.
Conclusions
While current HHS-listed and HHS/USDA overlap select agents and toxins are microorganisms and toxins with remarkable pathogenicity and/or toxicity, they have normal susceptibilities to known chemical and physical decontaminants. Commonplace decontaminants inspire confidence, reflect decades of study, and allow for compliance with regulations that may currently obstruct the application of commercial disinfectants. We anticipate that this review will facilitate the identification and application of decontaminants prior to validation and streamline the safe destruction of select agents and toxins in basic research and biodefense efforts.
